We consider flavor-changing decays of neutral Higgs bosons in the context of CPconserving BGL model -a variant of 2HDM Type 3 model suggested by Branco, Grimus and Lavoura -in which tree-level FCNC couplings are suppressed by elements of known fermion mixing matrices. The relevant regions of parameter space compatible with experimental restrictions on the SM Higgs properties are studied. We also include current bounds on h → µτ into consideration. In addition, different FCNC decay modes are analyzed for heavier Higgs states (H/A) and conservative estimates for Br(A/H → µτ ) are provided. We updated previous studies and found that it can not be more than 30% for heavy Higgses with masses around 350 GeV.
Introduction
It is a well-known fact that the Higgs field plays a fundamental role in the Standard Model (SM), giving rise to masses of both the SM gauge bosons and fermions. The Higgs boson -the only component of the Higgs doublet, which is not "eaten" by massive gauge fields, was predicted in 1964. After years of searches it was finally observed at the LHC 1, 2 in 2012. In subsequent years the production and decay processes of the new particle were carefully investigated and it was confirmed with rather high precision that there is no significant deviations from the SM predictions.
Nevertheless, in spite of the fact that the SM turns out to be very successful in description of plethora of electroweak phenomena it is believed that it is not the ultimate theory. Among different possibilities to go beyond the SM (BSM) one can consider an extension with an additional Higgs doublet -the so-called Two-HiggsDoublet model (2HDM) (for review see, e.g., Refs. 3, 4) . The model being one of the simplest (renormalizable) alternatives of the SM predicts additional scalar states in the spectrum -two neutral A, H and one charged H ± Higgs bosons. Being (linear combinations of) components of SU(2) doublets components, its interactions with vector bosons are fixed by the gauge principle but there is a large freedom in selfinteractions and Yukawa couplings to fermions. In this paper we consider the so-called Type III 2HDM, in which both doublets couple to up-and down-type fermions and, as a consequence, one has treelevel flavor-changing neutral current (FCNC) interactions. In order to minimize the number of additional parameters were choose a special variant of Type III 2HDM -the model proposed by Branco, Grimus and Lavoura (BGL), 5 in which, due to certain type of symmetry, all the tree-level FCNC interactions 6, 7 are given in terms of known quantities -fermion masses and mixing matrices, Cabibbo-KobayashiMaskawa (CKM) in the case of quarks and & Pontecorvo-Maki-Nakagawa-Sakata (PMNS) in the case of leptons.
Our main motivation to study such an exotic scenario was initially due to results from ATLAS 8 and CMS, 9 which indicated that there might be a FCNC decay of the observed Higgs boson (h) to tau-and mu-leptons a , h → µτ . The corresponding branching fraction Br(h → µτ ) were estimated to be 0.84 at 13 TeV do not confirm the observation of the discussed mode, but just impose constraints on the branching fraction, Br(h → µτ ) < 1.43% and Br(h → µτ ) < 0.25% at 95% CL, respectively. In the BGL model the decay was studied 6, 12 and constraints on the model parameter space were found. Moreover, in the same context the FCNC decay modes of heavy Higgs partners were also investigated in Ref 12. We updated the previous analysis 12 and took new experimental constraints into account. We also found that the H/A → cc mode, which was not considered in the above-mentioned paper, can substantially reduce other branching ratios for high values of tan β. Our updated analysis gives rise to the upper bound on Br(A/H → µτ ) 30%.
In order to simplify our study we restrict ourselves to CP-conserving scenario with simple Higgs potential. In this framework, we keep Higgs boson masses as free parameters and concentrate on Yukawa interactions of the latter.
The paper organized as follows. In section 2 a brief description of the BGL model is provides. In section 3 the constraints on the parameter space coming from the experimental bounds on the properties of the lightest, SM-like, Higgs boson are considered. The analysis of FCNC decays of neutral heavy Higgses can be found in section 4. The section 5 is devoted to conclusions.
a In what follows, we use shorthand notation µτ to denote the sumμτ +τ µ.
BGL model
In general 2HDM of Type 3 the Yukawa interaction Lagrangian can be cast into the following form
in which the summation over generations is implied. Both Higgs doublets Φ i
couple to right-handed (RH) fermions -down-type quarks d R and charged leptons l R . The corresponding charge-conjugated doubletsΦ i ≡ −iσ 2 Φ * i couple to RH uptype fermions b u R , ν R . The left-handed (LH) SU(2) doublets for quarks and leptons are denoted in (2) by Q and L, respectively.
The flavor-changing neutral current interactions appear due to the fact that Yukawa matrices y f i in flavor space are not diagonalizable simultaneously for i = 1, 2 and fixed f = {u, d, l, ν}. In general, the size of FCNC interactions can be arbitrary large and is constrained only by experiment. An attractive feature of the so-called Branco, Grimus and Lavoura (or BGL) model 5 is that FCNC in the Higgs sector are related to the parameters of fermion mixing matrices, i.e. CKM (V ij ) -for the quark sector and PMNS (U ij )-in the case of leptons.
Branco, Grimus and Lavoura demonstrated that if the Yukawa term in the Lagrangian respects a symmetry for a generation number k
or
the couplings of fermionic decays can be expressed through the elements of mixing matrix U (or V , when Eqs. (3) and (4) The generation number k is to be chosen for leptons in such a way that heavy Higgs bosons decay widths Γ(H → µτ ) and Γ(A → µτ ) can be significantly enhanced. The tree-level width of the processes H/A → µτ in k-generation up-type BGL is given by
where we neglect all lepton masses but that of tau m τ . Both equations (5) and (6) depend on v 2 and t β ≡ tan β. In addition, the mixing angle β − α corresponding to rotation in the CP-even Higgs sector from Higgs to mass basis enters Eq. (5). In what follows, instead of β − α we utilize c βα ≡ cos(β − α) with 0 ≤ β − α ≤ π, which parametrize the deviation of the lightest CP-even boson h from that of the SM (c.f., Ref. 14) .
Substituting numerical values of the PMNS matrix elements into the factors
so one can see that the largest value corresponds to k = 3. Due to this, in what follows we use k = 3 in the case of leptons. In spite of the fact that the BGL generation k for quarks (k q ) in (3) can be chosen different from the leptonic one (k l ), we assume k q = k l = k = 3 in anticipation of quark-lepton symmetry. It is worth mentioning, however, that due to hierarchical structure of the CKM matrix, in the BGL model of quark type k the diagonal couplings of heavy Higgses to quarks exhibit similar pattern both for up-and down-type quarks and scale as t β or 1/t β for A-boson interacting with i = k or k-quark generation. For H-boson the dependence is similar near c βα = 0 (decoupling/alignment limit 15 ), but due to mixing in the CP-even sector becomes more involved away from this line.
Concerning 2HDM model one should keep in mind that general Higgs potential (see,e.g., Ref.
3)
has very rich structure and, so that, it can significantly affect the branching fractions and the space of permissible parameters. In a rigorous analysis for H and A heavier than 2m h with m h being the lightest Higgs h mass, some additional processes should be involved in the speculation, e.g., H → hh, H → AA and H → H ± H ∓ . It turns out that m 2 12 and λ 5−7 violate the BGL symmetry. In our simplified setup we assume that λ 5−7 = 0 but keep m c β s β , vacuum expectation value v and two dimensionless quantities t β and c βα mentioned earlier.
In order to carry out our analysis, we routinely utilize a modified version of the 2HDMC package. 17 The code 2HDMC allows one to apply different constraints on the Higgs potential (e.g., tree-level stability and unitarity 4 
Constraints from the Properties of Lightest Higgs
Given the model at hand one can evaluate the total width and the branching fractions of the Higgses. Identifying the lightest state with the Higgs boson h observed at the LHC 1, 2 one imposes important constraints on the Higgs sector of the considered model. In this paper we consider constraints on the total width of h, on the branching fraction Br(h → µτ ), and, finally, on the SM Higgs coupling-strength modifiers. 20 The corresponding allowed region can be visualized in the c βα − t β plane.
The calculation of the total width Γ h is straightforward. However, it is important to emphasize that we allow deviation from the SM prediction Γ SM h = 4.07 MeV (see, e.g., Ref. 21 ) and compute branching fractions taking it into account. For convenience, in the following figures we indicate the contour corresponding to the experimental bounds (at 95 % CL) on the width: Γ h < 13 MeV. 22 Since we are interested in FCNC Higgs decays, we tried to account for the 95 % CL bound on Br(h → µτ ), which we took to be 0.25% from recent Ref. 11 .
On the other hand, it is necessary to compare the predictions of the model with some other experimental results. Since no significant deviation from the SM results are observed, one can exploit a recent analysis of the Higgs production and decays (Ref. 20) , in which signal strength parameters µ were introduced to account for possible New Physics contributions to the cross section of the process i → h → f , 
Motivated by κ-framework, 23 various signal strength can be rewritten in terms of SM coupling modifiers κ p , which correspond to rescaling of the SM coupling of particle p to the SM-like Higgs boson (see Table 1 for the case of the considered BGL model ). Table 1 . The SM Higgs coupling modifiers in the BGL model with k = 3 both in quark and lepton sectors. The diagonal couplings to down-type fermions involve elements of CKM, V ij , and PMNS, U ij , matrices. In addition, the expression for effective coupling modifiers for gluons and photons are provided.
In our analysis we made use of parameterization in terms of ratios of coupling modifiers (see Section 4.2 of Ref. 20) and introduced the following vector
in which
with κ
f . Eq. (11) describes how the SM gg → h → ZZ process is modified due to new values of couplings of the SM particles. The parameters
probe VBF, ZH, and ttH production channels (12) together with different Higgs decay modes (13) . In order to apply the constraints on our parameter space, we calculate
where X i (c βα , t β ) correspond to our predictions in BGL, while X exp i ± δX exp i and C ij are the best-fit values and the correlation matrix for the parameters X i given in Table 10 and Figure 29 It is known from previous studies (see, e.g. Refs. 24, 14) that experimental data prefers SM-like scenario with c βα → 0. In order to quantify possible deviations from this case we assume that ∆χ 2 ≡ χ 2 (c βα , t β ) − χ 2 min follows χ 2 -distribution with 2 degrees of freedom and plot the 68, 95 and 99 % CL regions in the (c βα , t β ) parameter space (see Fig. 1 ). Due to the fact that the decays to heavy Higgses is kinematically forbidden for h, to large extent the presented analysis is independent of the details of the Higgs potential. On can see that the bound Br(h → µτ ) correlates with constraints on coupling-strength modifiers. In what follows we use the former in combination of other restrictions on the parameter space to single out the allowed region. 
Constraints on FCNC-Decays of Heavy Neutral Higgses
Non-diagonal parts of Yukawa couplings to heavy neutral Higgses are proportional to sin(β − α) in this model. And it means that in the area, where 2HDM BGL does not deviate from SM too much (near the c βα = 0), the heavy Higgses, if they exist, might be detected by their FCNC decays. In view of recent experimental results on h → µτ , this is our main motivation to study the decays of heavy Higgses. Before speaking about the decay widths and branching fractions, we should highlight that particles like heavy neutral Higgses have not been observed yet for masses less then 1 TeV (and more then 126 GeV). This non-observation impose strong constraints on our parameter space. We utilize the HiggsBounds 4.3.1 package 18 to apply such kind of constraints. In addition, we consider recent Refs. 25 and 26, 27, 28, 29 and demand that the cross sections σ(pp → X → µτ ) and σ(pp → X → γγ) to be not higher than 50 and 5 fb at 13 TeV, respectively, for a new scalar state X = H/A. For our study we assume that the dominant channel of Higgs productions is the gluon fusion and approximate the considered cross sections at c.m.s. energy s by means of
with f = γγ, µτ , etc. denoting final-state particles, to which a scalar state X decays, and
being dimensionless partonic integral of gluon PDFs g(x). To evaluate production cross section we use ManeParse package 30 and MSTW2008NLO 31 set of PDFs with µ = M X . We also introduce a K-factor K = 1.6 (see e.g., Ref. 32) to account for QCD corrections at s = 13 TeV. We now turn to branching fractions of heavy Higgses. In Fig. 2 , we consider the case m A = m H = m H + = 350 GeV and show Br(H/A → µτ ) together with the allowed region due to all the considered constraints. The latter are also presented in more details in Fig. 3 .
Let us give a few remarks regarding the pictures. We consider theoretical constraints on the Higgs potentials. The crucial condition for stability is that the potential must be bounded from below. It imposes strong restrictions on the allowed parameter space.
3 At tree level d we have
From Fig. 3 one can see that for the considered scenario it significantly reduce the allowed region given in Fig. 1 . In addition, following Ref. 33 we consider a discriminant D = (m
to check that all the points allowed by the stability constraint correspond to the global minimum (D > 0). We also check tree-level unitarity (see Appendix A. of Ref. 3 and the 2HDMC manual 17 ). It turns out that in our case the corresponding forbidden region lies completely within the area, in which tree-level stability constraint is violated. Due to this, we do not show it in Fig.3 .
From the figure one can deduce that the dependence of the σ(pp → H/A → µτ ) region boundaries on c βα is weaker for the case of CP-odd Higgs (only A → hZ involve c βα in the considered approximation), while it is more pronounced for the case of H-boson. For low t β the corresponding regions (and those due to the γγ final state) are not shown, since they are completely included in the area forbidden by HiggsBounds 4.3.1. For large values we have spots with σ(pp → H/A → µτ ) exceeding the limit. In this situation the suppression of the top-quark contribution (near c βα = 0, we have Y ttH/A ∼ 1 t β ) to Γ(H → gg) is compensated by the enhancement of Br(H → µτ ).
For the case m A/H < 2m t the forbidden regions due to σ(gg → A/H → µτ /γγ) obviously enlarge, since below the top-quark threshold, the decay into top quarks is kinematically forbidden e and other branchings become large. It turns out that already for m A = 330 GeV the forbidden area covers almost all the considered d We do not utilize here a renormalization-group analysis and rely on the output of 2HDMC. e The code 2HDMC can also account for the decay modes H/A → tt * with one off-shell t-quark.
parameter space in the (c βα , t β )-plane. On the contrary, above the threshold the mode turns on and increases the total width. This leads to suppression of other branchings, especially for small t β . For high t β the decay H/A → cc is enhanced, so near c βα = 0 it can dominate the total width. This fact motivates our choice of the heavy Higgs masses slightly above the top threshold (m = 350 GeV). In this case, the area near c βα = 0 (corresponding to the SM-like scenarios we are interested in) is allowed and Br(H/A → µτ ) as large as it may be. Moreover, near the threshold the tt-mode is suppressed due to kinematics. Nevertheless, it is worth emphasizing here the role of tt and cc modes in our analysis of the case m H = m A = 350 GeV. In Fig.4 one can see the dependence of different branching fractions of H and A on t β for c βα = 0. One can see that with the increase of t β the cc-mode becomes the dominant one, while both branchings to tt and gg go down. Let us mention here that the scenarios with m A , m H = 350 GeV were also considered in Refs. 12. However, the authors of this paper did not take into account the tt and cc modes f , and, thus, predicted larger values for Br(H/A → µτ ). Regarding the search of heavy Higgses, it is clear that the most interesting points lie near the boundaries of the allowed area, where some of branching fractions and cross sections can be as large as possible. The vicinity of c βα = 0 is favoured (see the benchmark point BMP1 in what follows), since on this line the maxima of Br(A → µτ ) and Br(H → µτ ) are achieved. The experimental bounds can be evaded by choosing rather large t β . In addition, we are also interested in scenarios, which can lead to other decays of heavy Higgses observable in the near future.
For example, if t β does not deviate much from one, c βα can substantially differ from zero. In this case the modes A → hZ and H → hh which scale as ∼ c 2 βα can be enhanced (see BMP2, BMP3 g ). In addition, due to peculiarities of the PMNS f We thank M.Sher for clarifying us this subtlety. g It is worth pointing that BMP3 also features relatively large Br(h → µτ ) = 0.17%. matrix the mode H/A → eτ analogous to H/A → µτ with the second biggest coefficients U * ki U kj can have a non-negligible branching (BMP1). Moreover, as it is seen from Fig. 4 for such scenario the H/A → bs decays have similar branching ratios. Some details for such points can be found in Table 2 .
Let us also comment on how the properties of our benchmark points in the t β − c βα plane change if one varies the Higgs masses in the range 350 − 400 GeV. For BMP1 the splitting between m A and m H leads to the problems either with treelevel unitarity or with potential stability. For m A = m H in the range 350 − 400 GeV the branching ratios of H and A do not change significantly and almost independent of m H + . However, the production cross-sections via gluon fusion drop down by a factor of 2-3. For the case m H + < m A the mode H/A → W ± H ∓ with off-shell W ± starts to contribute. Nevertheless, large mass splitting between neutral and charged higsses, which are required for significant modification of the branching fractions, lead to the problem with potential stability. For the other two benchmark points the top-pair mode dominates the total width of A for m A ≥ 350 GeV and of H for m H ≥ 360 GeV. Due to this, the characteristic branching H → hh and H → τ µ drop down by a factor of 2-4 when going from m H = 350 GeV to m H = 400 GeV. As for the production of H/A due to the gluon fusion, gg → H does not change much, while gg → A is reduced by a factor of 2 for m A/H = 400 GeV. Table 2 . The benchmark points together with some decay widths and cross sections. 
Conclusions
We considered up-type BGL model with tree-level flavor-violating interactions of neutral Higgs bosons. The BGL symmetry is assumed to be broken softly only by the mass term in the Higgs potential. Additional simplification comes from the assumed degeneracy of the neutral CP-odd and charged Higgs bosons. This model has only four parameters and can be easily confronted with experiment. Our main goal was to study regions of the model parameter space in which heavy neutral Higgses can decay into two down-type fermions of different flavour and still escape current experimental bounds on direct detection. In our analysis we also took into account recent results on SM Higgs properties together with theoretical bounds on the Higgs potential parameters. We further restrict ourselves by demanding that the masses of heavy Higgses should not deviate much from the top-pair threshold 2m t leading to feasible detection in the near future. The allowed regions are studied in (t β , c βα ) plane and some particular benchmark points with significant Br(H/A → µτ ) 30% are singled out. Our study leads to smaller branchings that stated in Ref. 12 and demonstrates the crucial role of the tt and cc decay modes in the analysis. In addition, we also discuss a few other signatures beside the studied FCNC decay. The latter can be used to distinguish different BGL scenarios predicting large Br(H/A → µτ ) from each other.
In spite of the fact that recent searches 10, 34 for the h → µτ mode do not support previous indications 8, 9 of this decay, we think that the BGL model still deserves attention, since the suppression of FCNC decays of the lightest Higgs leads to the enhancement of the corresponding modes for heavy Higgses.
